Abstract: An underwater glider with an acoustic data logger flew toward a recently discovered erupting submarine volcano in the northern Lau basin. With the volcano providing a wide-band sound source, recordings from the two-day survey produced a two-dimensional sound level map spanning 1 km (depth) Â 40 km (distance). The observed sound field shows depth-and range-dependence, with the first-order spatial pattern being consistent with the predictions of a range-dependent propagation model. The results allow constraining the acoustic source level of the volcanic activity and suggest that the glider provides an effective platform for monitoring natural and anthropogenic ocean sounds.
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Introduction
Due to their remoteness, little is known about the acoustic characteristics of volcanoes in the deep ocean. In 2006, the first co-registered video and audio recordings of an actively erupting submarine volcano were obtained at NW Rota-1 in the Mariana Arc. Chadwick et al. 1 reported continuous eruptive activity in the form of gas-driven lava fragmentation at the eruption site ($ 530 m depth) and the associated generation of wide-band (2 Hz to 1.5 kHz) acoustic signals. At a distance of $40 m from the summit, sound levels between 10 and 60 Hz were found to be 50 dB above the sea-state 0 ambient noise level.
A joint National Oceanic Atmospheric Administration-National Science Foundation (NOAA-NSF) sponsored expedition in May of 2009, discovered active volcanism at a depth of $1200 m on West Mata volcano, within the Lau Basin area bounded by Samoa, Tonga, and Fiji. Using the remotely operated vehicle Jason, Resing et al. 2 West Mata volcano. Preliminary analysis showed that West Mata produced wide-band acoustic noise similar to that recorded at NW Rota-1 1 and that this activity had been nearly continuous during the 16-month period of monitoring. 3 Given these observations, a hydrophone-equipped glider was deployed near West Mata for a period of 2 days in May of 2010. This experiment was designed to examine the potential role of a glider platform in submarine volcano-acoustic monitoring and assess the feasibility of conducting propagation studies using an active volcano as a natural sound source.
An underwater glider propels itself forward as it sinks or rises by controlling its buoyancy, pitch, and hydrodynamic force provided by wings. 4 The lack of noisy electric motor-driven propellers provides a relatively quiet platform and the efficiency of a buoyancy-based drive system makes the glider a potentially useful tool in longterm passive acoustic monitoring. 5 By repeating vertical sawtooth profiles a glider navigates around obstacles, resurfacing every few hours to transmit data in near-real time.
The most widely used deep-ocean glider platforms are capable of diving up to 1000 m.
Low frequency underwater propagation studies typically have been conducted using man-made sound sources and arrays of fixed vertical or towed hydrophones as receivers. 6 The method allows for modal analysis and assessment of the time structure of the arriving signal, but comparisons against a propagation model are limited by the number of the receivers. Here we report on the operation of a 1000-m acoustic Slocum glider V R in the vicinity of West Mata submarine volcano and the measured twodimensional (2-D) sound levels. Continuous gas venting from West Mata volcano provided an opportunity to record the wide-band signals emitted at the eruption site. Section 2 describes the field operation of the glider and the 2-D range-and depthdependent sound levels observed by the glider. Comparisons to the predictions of a rangedependent range-dependent acoustic model (RAM) propagation model 7 are discussed. data while repeating 13 profiles between 0 and 950 m of depth [ Fig. 1(b) ]. Based on the ship's Doppler current meter, the surface current was against the glider and generally in a westerly direction with a velocity of 15-40 cm/s. As a result the glider drifted when it surfaced between dives to transmit conductivity, temperature and depth (CTD), turbidity, chlorophyll, and global positioning system (GPS) data to the shore station through a satellite connection. The results from this water column oceanographic sampling are beyond the scope of this manuscript. A single omni-directional hydrophone (HTI92B -175 dB re 1V/1 lPa) was installed near the aft rudder section of the glider. The signal was digitized by the internal acoustic data logger at 2 kHz sample rate with 16-bit resolution and cut-off frequency of 860 Hz. Each file is approximately 8 MB in size, $30 min long and was stored on the 32 GB compact flash card. No acoustic data were transmitted in real time due to the size of the files.
During the 2-day operation, wide-band sounds resulting from continuous eruptive activity at Hades and the nearby Prometheus vents fields on West Mata were observed on the glider's acoustic record. Figure 2(a) shows a record collected by the glider during dive 7, about 20 km from the volcano. Wide-band bursts are repeated at $100-180-s intervals between brief periods of rest 10-20-s long. A similar periodicity of eruption sound was observed at the fixed hydrophone West Mata North (WM-N) during the months prior to the glider operation [ Fig. 2(b) ].
Interference effects can be seen in both records as a result of multipath of wide-band signals arriving with slight time delays. The interference pattern, present during the entire flight as far as 40 km from the volcano, 8 is similar to the Lloyd Mirror effect, which is typically observed at short ranges resulting from a slight time delay in direct and surface reflected wide-band signals emitted from a surface ship or submarine. 9 The intervals of the nulls/peaks in the frequency domain are the inverse of the time delay of the two multipaths. As the glider progresses toward the volcano, these delay times vary and the null frequencies change as a function of time and distance. In contrast, because of its fixed position, the interference pattern observed on the moored hydrophone remains unchanged as seen in Fig. 2(b) .
When the glider's machinery (e.g., oil and pitch motors, and air pump) was operated, the acoustic records were replaced with "NaN" (IEEE 754 code) so that only "natural sound" was evaluated and motor noise was excluded. For example, in Fig. 2(a) the glider descended until it reached the turning depth (950 m) at 0.48 ks. It then turned on the oil motor for the next $140 s and inflated the external oil bladder to gain buoyancy to begin ascending at 0.62 ks.
Measured 2-D sound level map by glider and propagation loss model by RAM
After removing the system bias, i.e., hydrophone sensitivity, pre-amp gain, analog-to-digital input range (2.5 V), 16-bit dynamic range, and the glider's acoustic records were rendered to produce calibrated spectrograms. To smooth out the effect of spectral nulls and peaks by the interference, the spectrogram was first estimated at 1-s increments and then averaged over a period of 60 s, which is equivalent to $18 m along the glider's path. In total 1594 average spectral estimates were produced during the 13 dives (Fig. 3) .
The Slocum glider's navigation program produces a file of the glider's spatial coordinates as a function of time. These data were used to estimate the spatial coordinates associated with each of the spectral averages, which were converted to a distance from the Hade's vent. The result is then gridded with a 50 m (depth) and 1 km (range) resolution. Figure 3(a) represents the sound level estimate in decibels (re 1 lPa 2 /Hz) averaged from 100 to 200 Hz. It shows that at 38 km near the surface (0-500 m), the average sound level between 100 and 200 Hz is approximately 76-80 dB, which is slightly higher than the typical deep-ocean ambient noise level. 9 However, it clearly shows the volcano's eruption sound propagating at longer ranges within the sound channel, which exhibits a velocity minimum at a depth of $1000 m in this area. Sound energy maxima exist at 200 and 600 m depth at a range of approximately 10 km from the volcanic source. Here the average 100-200 Hz sound levels are $90 dB (re 1 lPa 2 /Hz), which is $20 dB higher than the typical deep-water ambient noise level.
Although RAM 7 is a range-dependent bathymetric and sound velocity model, only one bottom type can be chosen. The following are the geo-acoustic model parameters used for the RAM simulations. 
Since the study area is blanketed by a relatively recent lava flow with little sediment cover, we chose layer 1 parameters that represent the fractured basaltic basement of the upper-most ocean crust (e.g., Ref. 10) with a layer thickness of 150 m. The ocean sound velocity model is based on World Ocean Atlas (WOA2005). No expendable bathythermogrpah (XBT) or CTD data were used to estimate the in-situ sound velocity for the model. Range-dependent bathymetry, with a 200 m along track sampling within the models, was extracted from a compilation of recent multi-beam data.
Propagation loss models were run between the Hades vent source and the 1594 glider locations (x, y, z) for which an average spectrum was calculated. Reported values represent loss averages between 100 and 200 Hz, using model runs calculated at 10-Hz increments. The results were gridded [ Fig. 3(b) ] in the same manner as the field recordings [ Fig. 3(a) ], with the displayed color maps inverted relative to the field measurements. Despite the fact that only time averaging and spatial smoothing were applied and no adjustment was made for the time-varying gas-driven eruptions, the first-order spatial variability in recorded signal amplitudes can be explained by the predicted propagation loss between Hades vent and the glider. The data show and the model predicts a relatively high sound level tongue at a depth of $200 m from 10 to 20 km in range, which is probably a result of the strong reflections from the relatively recent lava flow slope of the volcano. The entrapment of acoustic energy by the sound channel also is evident in both the field recordings and propagation model results, although it is more pronounced within the field recordings. In general, the measured 2-D sound level appears to be more complex with more local maxima and minima than predicted by the RAM modeling.
The fact that the propagation loss modeling does not explain all of the observed range-and depth-dependence likely reflects (1) the existence of time-varying eruptive activity and/or source locations that add natural complexity, (2) the accuracy of existing environmental and bathymetric data in this area, and (3) the limitations of the propagation model we used that assumes a uniform bottom type. Nonetheless, by combining the 2-D sound level measurements and the theoretical propagation loss model, the approximate SL at the volcanic eruption site can be estimated [ Fig. 3(c) ]. From the 2-day experiment, the 100-200 Hz average SL of the signals generated at West Mata is estimated to $166 dB (standard deviation of À4 dB/þ3 dB)) re 1 lPa 2 /Hz at 1 m.
Conclusion
Despite the fact that eruptive activity at the submarine West Mata volcano was timevarying, the sound levels measured by the underwater glider show a modest similarity to those predicted from a simply range-dependent RAM propagation loss model, which assumes only a single point source near the volcano's summit. Extensive time averaging and spatial smoothing were necessary to reduce the effect of the time-variant eruption signal and the coarse spatial sampling of the glider's sawtooth profile. Nonetheless, this study demonstrates the successful application of the acoustic glider as a robust observational tool and points the way to a synoptic methodology for long-term monitoring of submarine volcanism.
Where environmental regulations limit the use of anthropogenic sound sources for conducting acoustic propagation studies, natural sound sources like West Mata Volcano may serve as alternatives. If the glider platform is to be used as a tool in such studies, a fixed hydrophone can be deployed near the source to record the sound during the glider operation so that time-varying effects can be removed during post processing. With the acoustic data logger, the Slocum glider's alkaline battery life is approximately 25 days. If operation to the full battery life is allowed, a threedimensional (3-D) sound field measurement is possible by making several intersecting paths with the sound source at the center. The 1000-m depth rating of the current glider may be a limiting factor for the 2-D or 3-D sound field survey.
